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Abstract 

 

A long-term production stability of oil-in-water emulsions by microchannel (step) emulsification 

was investigated using two cross flow silicon chips consisting of 540 or 1,850 microchannels 

fabricated on 10 parallel terraces. Each terrace was 9.54 mm long and consisted of 54 channels 

with a depth of 5 m and a width of 18 m (chip 1) or 185 channels with a depth of 4 m and a 

width of 8 m (chip 2). The dispersed phase was a mixture of 2 wt% polycaprolactone (PCL) and 

1 wt% poly(d,l-lactic) acid (PLA) dissolved in dichloromethane and the continuous phase was 2 

wt% poly(vinyl alcohol). After solvent evaporation, the droplets were transformed into highly 

uniform composite polymer particles with an average diameter of 8.8 or 4.9 m. The percentages 

of active channels, droplet sizes and droplet generation frequencies at individual terraces were 

investigated in both chips to reveal any flow maldistribution. After 6 h of production in chip 1, 

overall 95% of the channels produced droplets and the percentage of active channels on each 

terrace was at least 91%. The percentage of active channels decreased by decreasing the size of 

the channels. The mean droplet size varied negligibly across individual terraces over 7 h. Slightly 

higher droplet generation frequencies and smaller percentages of active channels were observed at 

central terraces. The droplet generation frequencies at the channels located close to each other 

were similar, indicating that droplet formation dynamics was coupled. The droplet size was not 

affected by the dispersed phase flow rate.  

 

Keywords: Microchannel emulsification; Step emulsification; Microfluidic scale-up; Composite 

polymer microparticles; Synthetic biodegradable polymers; Poly(d,l-lactic) acid  
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Graphical Abstract 

 

Highlights 

 

 Production of O/W emulsion by microchannel (step) emulsification was stable over 7h. 

 The mean droplet size varied negligibly over time and between different terraces. 

 After 6h production in chip 1, at least 91% of channels were active on each terrace. 

 The CV of droplet sizes on each terrace in chip 1 was between 1.2% and 2.1%.  

 Droplets were solidified into highly uniform composite PLA/PCL microparticles.  
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1. Introduction 

 

Microfluidic emulsification devices offer a superior control over the size, shape, composition and 

morphology of droplets [1,3] and the ability to generate monodispersed droplet populations. 

According to the standards of the National Institute of Standards and Technology (NIST), “a 

particle size distribution may be considered monodisperse if at least 90% of the distribution lies 

within 5% of the median size” [4], indicating that the span of the size distribution must be (𝑑95 −

𝑑0.05)/𝑑50 ≤ 0.05. For the normal distribution, 90% of the particle sizes lie within 1.64 standard 

deviations from the mean and thus, 1.64𝜎 ≤ 0.05𝑑𝑎𝑣. Therefore, the condition for monodispersed 

size distribution becomes 𝜎 𝑑𝑎𝑣⁄ ≤ 0.03 or 𝐶𝑉 ≤ 3%, where 𝜎 and 𝐶𝑉 are the standard deviation 

and the coefficient of variation of particle sizes, and 𝑑𝑎𝑣 is the mean particle size. Monodispersed 

droplets find applications in the synthesis of functional microparticles [5], molecular detection [6], 

drug discovery, transcriptomics [7], single cell analysis and sorting [8], etc. The most common 

microfluidic drop generators are T-junctions and flow focusing nozzles [2,9]. Drop pinch-off in 

both geometries is induced by shear stress at the liquid-liquid interface, implying that the drop size 

is highly sensitive to fluid flow rates. As a result, small flow rate fluctuations can result in highly 

polydispersed droplets due to shear force variations [10], making parallelisation of flow focusing 

nozzles and T junctions challenging [11].  

 

A single T-junction or flow focusing nozzle can produce droplets at a rate of tens to hundreds of 

microliters per minute, which is several orders of magnitude below the throughputs needed for 

industrial applications [12]. Parallelisation of these drop makers typically requires multilayer 

microfluidic devices with a network of distribution and collection channels to supply the feed 
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liquids to each of the drop generators and to collect the formed droplets from all of them [13-15]. 

Multilayer devices are prone to leakage when operated at the high pressures necessary for high 

throughput droplet production. In addition, any misalignment between the layers or inappropriate 

design of channel networks can cause non-uniform flow distribution, resulting in polydisperse 

droplets [16]. The design of parallelized flow focusing devices is additionally complicated due to 

requirement to supply both the inner and outer fluid through each nozzle.  

 

A promising approach to simplify the design of microfluidic drop generators and to avoid 

unwanted polydispersity arising from fluctuations of fluid flow rates is to utilize the concept of 

step emulsification or “microchannel emulsification”, developed by Nakajima et al. [17]. In step 

emulsification, drops are formed when an interface between two immiscible fluids is subjected to 

a step change in the height of a microchannel, e.g. when a fluid is injected through a long and 

shallow microchannel into a deep reservoir, “the well”, containing a second immiscible fluid, 

resulting in curvature imbalance along the interface. In contrast to standard T junctions and flow-

focusing devices, droplets detach from the shallow channel into the well without the need for an 

external force. The driving force is the sudden drop in the Laplace pressure experienced by the 

dispersed phase as it passes over the step [18-19]. By adding a constriction with a set of bypasses 

[20] or a wide plateau (“the terrace”) [17] to the end of the shallow channel that slows down the 

fluid and establishes quasi-static flow with negligible inertial effects, the flow rate of the inner 

fluid into the forming drop can be decoupled from the applied fluid flow rates [19, 21]. These flow 

conditions occur in the interfacial tension force dominant regime below the critical capillary 

number, causing the resultant droplet size to depend only on the channel geometry [22-24].  
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Step emulsification devices with multiple arrays of grooved horizontal channels [17] or vertical 

straight-through channels [25] have been designed and investigated in Nakajima Lab [2]. The size 

of the generated droplets ranged from 1 m [26] to more than 1 mm [27] and the droplet production 

rate reached 1,400 mL h-1 for the dispersed phase viscosity of 2.7 mPa s and the droplet size of 87 

μm, with 𝐶𝑉 ≈ 2% [28]. In the firstly developed dead-end chip, the grooves and terraces were 

fabricated along the four sides of a square silicon plate and the droplets were formed within a 

stagnant continuous phase [17]. Dead-end chips are limited to four terraces and they suffer from 

slow, buoyancy-driven removal of droplets from the device. The higher droplet production rates 

can be achieved in cross flow chips, because more than four terraces can be fabricated on a single 

chip and the droplets can be promptly removed from the chip by cross flowing continuous phase. 

There is a separate MC array and terrace along each side of the crossflow channel and thus, the 

total number of terraces and MC arrays in cross flow chips is twice the number of cross flow 

channels. The first cross flow chip consisted of one cross flow channel with two terraces and 22 

channels (11  2) [29] and the largest chip had 7 cross flow channels with 14 terraces and overall 

11,900 channels (850  14) [30].  

 

The main challenge in microfluidic devices composed of a large number of droplet generators is 

to achieve a consistent and narrow droplet size distribution from all drop makers over as long a 

period as possible. A continuous production of monodispersed oil-in-water (O/W) emulsions by 

microchannel emulsification over a period of 7 days was demonstrated by Zhang et al. [31]. A 

long-term production stability is a key requirement to make the process applicable on industrial 

scale. Zhang et al.’s work was done using model emulsions composed of soybean oil and low-

molecular weight surfactants (Tween 20 and SDS). They only measured overall droplet size 
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distribution and overall mean droplet size as a function of time, while droplet size distribution and 

mean droplet size from individual terraces were not measured. In this work, a long-term production 

of O/W emulsions was investigated using the dispersed phase composed of a binary blend of 

biodegradable synthetic polymers dissolved in dichloromethane (DCM). For the first time, the 

mean droplet size and the coefficient of variation were measured for each terrace separately to 

establish whether the chip can generate uniform droplets consistently from all 10 terraces. In 

addition, the percentage of active channels was measured as a function of time for all 10 terraces 

and the location of inactive channels was monitored to reveal any malfunctioning terrace or any 

regions in the chip with low droplet productivity. It was more challenging to sustain a long-term 

generation of uniform droplets in this work than in the previous study [31], due to very low 

viscosity of DCM compared to that of soybean oil, the presence of dissolved polymers in the 

dispersed phase that can be deposited on the channel walls and high aqueous solubility of DCM 

(20 g/L at 20 °C), as compared to almost complete insolubility of soybean oil in water.  

 

This study confirms that very uniform distribution of dispersed phase can be achieved in the chip 

and sustain for long periods of time, despite large number of drop generation units and complicated 

chip geometry. Furthermore, the generated droplets can be solidified into highly uniform 

biodegradable microparticles, which can be used as carriers for intravenous drug delivery. 

 

2. Materials and Methods 

2.1 Materials 
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Synthetic biodegradable polymers, poly (d,l-lactic) acid (PLA, IngeoTM 4060D, Mw = 89,000 g 

mol-1, NatureWorks LLC, USA) and polycaprolactone (PCL) (Mw = 14,000 g mol-1, Sigma Aldrich, 

UK), were used to form composite microspheres. The dispersed phase was a mixture of 2 wt% 

PLA and 1 wt% PCL dissolved in DCM (Fisher Scientific, UK). Trace amounts of two fluorescent 

dyes, Rhodamine 6G (Rh6G) and Nile Red (Sigma-Aldrich, UK), were added to the organic phase 

to improve the interface clarity during drop generation and as an indicator of resulting morphology 

of the particles formed after solvent evaporation. The continuous phase was 1.5 wt% poly(vinyl 

alcohol) (PVA) (Mw = 13,000-23,000 g mol-1, 87-89% hydrolysed, Sigma Aldrich, UK) dissolved 

in Milli-Q water.  

  

2.2 Microchannel (MC) Chips  

 

Two single crystal silicon microchannel (MC) chips (CMS6 type,) with the same geometry (Figure 

1), but different size and number of MCs (Table 1) were used in this study. The chips are designed 

by NFRI, NARO, Tsukuba and EP Tech Co. Ltd., commercialized by EP Tech, Co., Ltd., and 

microfabricated by photolithography and anisotropic wet etching by Hitachi Power Semiconductor 

Device, Ltd., Hitachi, Japan. 

Figure 1 

CMS6 chips have cross-sectional dimensions of 28 mm  25 mm and a thickness of 0.5 mm. As 

shown in Figure 1, after delivery via the inlet hole A, the dispersed phase flowed into 6 dead-end 

channels (yellow region). The four central dead-end channels has two MC arrays, fabricated along 

both sides of each dead-end channel, while the two peripheral dead-end channels possess only one 

MC array, resulting in a total of 10 MC arrays. Each MC array was 9.54 mm long and consisted 
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of 54 parallel MCs with a depth of 5 m and a width of 18 m (design 1) or 185 MCs with a depth 

of 4 m and a width of 8 m (design 2). Therefore, the total number of MCs in the chip was 540 

or 1850 (Table 1). Each MC was 140 µm long and connected to a shallow terrace at both ends. 

The terrace at the downstream end of the MCs was 60 μm long (design 1) or 28 μm long (design 

2) and allowed for the dispersed phase to be confined after exiting the MCs, resulting in surface 

energy gradients needed for droplet detachment. The continuous phase was delivered through five 

inlet holes B, placed at the upstream end of each cross-flow channel between the two terraces 

(green region of Figure 1). The droplets were removed through the outlet hole C located 

downstream of the cross-flow channels.  

Figure 2 

Anisotropic etching produces channels with sidewalls that form a 54.7° angle with the substrate 

surface, as shown in Figure 2. This is due to etching the silicon atoms on the {100} crystal plane 

at a faster rate than those on the {111} plane. MCs with sharp edges are preferred in step 

emulsification compared to MCs with rounded corners produced by isotropic wet etching.  

 

2.3 Module Assembly/Droplet Generation  

 

The microchannel emulsification (MCE) module was made of stainless steel with a diameter of 

100 mm and a height of 24 mm. The top stainless steel plate had three orifices which served as 

slots for the connectors used to supply the dispersed and continuous phase into the device and to 

collect the generated emulsion. The orifices of the top plate were aligned such that one orifice 

delivered the dispersed phase to the inlet hole A, while the other delivered the continuous phase to 

the five inlet holes B. The third top plate orifice was connected to the collection hole C of the chip. 
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A quartz glass provided for droplet observation from the bottom side via a metallurgical (reflective 

light) microscope. The module was filled with the continuous phase and the top plate was firmly 

fastened to form closed channels between the grooved silicon plate and glass plate. The dispersed 

and continuous phase were delivered using Harvard Apparatus 11 Elite syringe pumps from gas-

tight glass syringes via separate syringe filters and medical tubing to the connectors attached to 

the top plate of the module. A hydrophobic 0.45 m polytetrafluoroethylene (PTFE) syringe filter 

was used for the dispersed phase, while a hydrophilic 0.2 µm polysulfone (PS) filter was used for 

the continuous phase. The flow rate of the dispersed phase and continuous phase was set to 𝑄𝑑 = 

0.005 mL/h and 𝑄𝑐 = 0.5 mL/h for chip 2 and 𝑄𝑑 = 0.05 mL/h and 𝑄𝑐 = 1 mL/h for chip 1. Droplet 

generation was observed and recorded using a color CCD camera (LCL-211H, Watec America 

Corp. USA) and Ulead Video Studio 11 SE DVD software (InterVideo Digital Technology 

Corporation).  

 

2.4 Droplet Generation Analysis 

 

The analysis of the acquired video images was carried out using ImageJ software. The mean 

diameter of the droplets generated at the i-th terrace was calculated using: 

�̅�𝑖 = ∑ 𝑑𝑗
𝑛𝑗

1 /𝑛𝑗                     (1) 

where 𝑛𝑗  is the number of droplets observed and 𝑑𝑗 is the diameter of a droplet. The coefficient of 

variation of droplet diameters at the i-th terrace was calculated as:  

𝐶𝑉𝑖 (%) = (𝜎𝑖 �̅�𝑖⁄ ) × 100                    (2) 

where 𝜎𝑖  is the standard deviation of the droplet diameters generated at the i-th terrace. The 

frequency of drop generation from a single channel was calculated using:  
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𝑓𝑀𝐶 = (𝑛𝑓𝑦)/𝑧              (3) 

where 𝑧 is the number of frames taken to generate 𝑛𝑓 droplets, and 𝑦 is the camera’s frame rate. 

The mean frequency of drop generation at the i-th terrace, 𝑓�̅�, was calculated as an arithmetic mean 

of 𝑓𝑀𝐶  values for all active channels on the terrace. The percent of active channels in the chip can 

be estimated using:  

𝑘 = 𝑁𝑀𝐶
𝑎 𝑁𝑀𝐶⁄ × 100%  = 6𝑄𝑑 (⁄ 𝜋𝑁𝑀𝐶 ∑ 𝑓�̅�

10
𝑖=1 �̅�𝑖

3) × 100%                   (4) 

where Qd is the flowrate of dispersed phase, 𝑁𝑀𝐶 is the total number of channels in the chip, and 

𝑁𝑀𝐶
𝑎  is the number of active channels. The mean droplet diameter across the whole device can be 

calculated based on the mean droplet diameter and the mean frequency of drop generation at 

individual terraces using: 

𝑑𝑎𝑣 = (∑ �̅�𝑖
10
𝑖=1 𝑓�̅�)/ ∑ 𝑓�̅�

10
𝑖=1             (5) 

 

2.5 Microparticle Production and Characterisation 

 

Particle production. Emulsions were collected in the collection syringe and the droplets were 

solidified upon DCM evaporation for 24 h under room temperature.  

 

Confocal Laser Scanning Microscopy (CLSM) and sizing. CLSM images were acquired using 

a Nikon Eclipse TE300 confocal inverted microscope connected to a computer running Zeiss 

LaserSharp 2000 software. A suspension of microparticles from evaporated droplets was placed 

on a microscopic slide and excited with argon laser at a wavelength of 488 nm and helium-neon 

laser with a wavelength of 543 nm. The total emission was separated into two images captured by 

two photomultiplier tubes (PMTs): PMT1 captured fluorescence at 515±30 nm (green region) and 
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PMT2 captured fluorescence above 570 nm (yellow-red region). Acquired images were analysed 

with ImageJ software for particle sizing. The CV of particle diameters was estimated using Eq. (2). 

For the total polymer concentration in the dispersed phase of 3 wt%, the predicted particle diameter 

based on zero porosity of the polymer matrix is given by: 

𝑑𝑝 = 𝑑𝑎𝑣 √(0.03) 𝜌𝑑 𝜌𝑝⁄3
             (6) 

 where 𝜌𝑑 and 𝜌𝑝 are the density of the dispersed phase and formed particles. 

 

3. Results and Discussion 

3.1 Droplet Generation Behaviour 

 

Video 1 and Figure S1 in the supplementary material shows generation of droplets in chip 1 and 

droplet streams generated from different terraces heading towards the outlet hole C. The dispersed 

phase expands on the terrace into a disc-like shape. If the contact angle at the solid-oil-water 

interface on the terrace is very low, the Laplace pressure of the dispersed phase on the terrace is 

𝑝1 = 𝛾(1/𝑟1 + 2/𝐻𝑇), where 𝛾 is the interfacial tension, 𝐻𝑇 is the height of the terrace and 𝑟1 is 

the radius of the dispersed phase disc on the terrace. The disc expands radially as more fluid flows 

through the channel, but 𝑝1  does not change because 𝐻𝑇/2 « 𝑟1  and 𝑝1 ≈ 2𝛾/𝐻𝑇 . When the 

dispersed phase reaches the edge of the terrace and enters the well, it is no longer confined and 

expands in three dimensions, assuming a bulbous shape. The Laplace pressure in the bulb is 𝑝2 =

2𝛾/𝑟2 , where 𝑟2  is the radius of the bulb. Because 𝑟2 » 𝐻𝑇/2  (Figure S2a), then 𝑝1»𝑝2 . The 

difference in Laplace pressure of the dispersed phase on the terrace and in the well (𝑝1 − 𝑝2) 

induces a sudden flow into the well, which rapidly depletes the dispersed phase from the terrace 

and forms a neck that eventually breaks up via a Rayleigh-Plateau instability [23, 32]. 



13 

 

 

The micrographs of droplet generation from two different chips are shown in Figure 3. The shape 

of the interface on the terrace was mostly symmetric with respect to the channel axis, indicating 

negligible interactions between the plate surface and the dispersed phase. The silicon plate was 

oxidized in a plasma reactor prior to each experiment to allow the growth of a hydrophilic film of 

silicon dioxide on the silicon surface and minimise its wetting with the organic phase.  

Figure 3 

Satellite droplets that can be seen on the terrace in Figure 3(d) were formed as a result of multiple 

neck ruptures during droplet formation. Satellite droplets are common for breakups governed by 

capillary instabilities [33] and have often been observed in T junctions, flow focusing nozzles, and 

numerical simulations [34]. In Figure 3(a)-(c), the continuous phase flow was temporarily shut 

down to allow droplets to self-assemble into regular hexagonal arrays to illustrate their high size 

uniformity. The droplets in closely packed arrays were stable against coalescence due to protective 

layer of PVA adsorbed at the interface. Partially hydrolysed PVA is a copolymer of poly(vinyl 

acetate) and poly(vinyl alcohol). Hydrophobic vinyl acetate groups were in contact with the 

organic phase and hydrophilic vinyl alcohol groups are exposed to the aqueous phase. At low PVA 

concentrations, droplets are susceptible to bridging flocculation as a result of the adsorption of 

PVA chains onto the surface of two or more droplets simultaneously. At higher PVA 

concentrations, when the droplet surface is covered by PVA to more than 50% of the saturation 

coverage, steric stabilization dominates over bridging flocculation and the droplets are stable 

against aggregation [35].  

 

3.2 Consistency of Droplet Generation in Chip 1 
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Table 2 

Average droplet size. The average droplet size, 𝑑𝑎𝑣, across the whole device over 7 h was 25.8 

m (Figure 4a). The dimensionless droplet diameter, 𝑑𝑎𝑣 𝐻𝑇⁄ , i.e. the average droplet diameter 

divided by the terrace height, depends on the ratio of the viscosities of the dispersed and continuous 

phase, 𝜉 = 𝜂𝑑 𝜂𝑐⁄ . If 𝜉 is above a certain critical value, 𝜉𝑐𝑟, the droplet size is not affected by 𝜉 

and 𝑑𝑎𝑣 𝐻𝑇⁄  is 3.84.2 for typical terrace lengths [36]. At 𝜉 < 𝜉𝑐𝑟, the droplet size was found to 

increase with decreasing 𝜉, but below a certain minimum value of 𝜉, uniform droplets cannot be 

produced [36]. 𝜉𝑚𝑖𝑛 typically ranged between 0.16 and 0.48 and 𝑑𝑎𝑣 𝐻𝑇⁄  at 𝜉 = 𝜉𝑚𝑖𝑛 was 55.2 

[36]. In this study, the viscosity ratio was 𝜉 = 0.21 and 𝑑𝑎𝑣 𝐻𝑇⁄  was 5.2, which was close to the 

𝑑𝑎𝑣 𝐻𝑇⁄  values reported at 𝜉 = 𝜉𝑚𝑖𝑛 [36]. 

 

Coefficient of variation of droplet sizes. The 𝐶𝑉𝑎𝑣  value for the entire droplet population 

generated over 7 h was 2.8%, indicating that the droplet size distribution was monodisperse (CV 

< 3%). Other microfluidic devices, such as T-junctions, flow focusing generators, and glass 

capillary devices are also capable of generating droplets with 𝐶𝑉𝑎𝑣 < 3% [33]. 

Figure 4 

Droplet size and CV for individual terraces. The average droplet diameter, �̅�𝑖  and the 

coefficient of variation, 𝐶𝑉̅̅ ̅̅
𝑖 on different terraces (𝑖 =1-10) as a function of time are shown in 

Figure 4 and Table 2. The terrace-average �̅�𝑖 value, i.e. the arithmetic mean of �̅�𝑖 values for all 

terraces at a certain time, changed slightly over time from 25.6 m after 2 h to 26.0 m after 4 h, 

and to 25.9 m after 6 h (Table 2). The terrace-to-terrace variations in �̅�𝑖 were also very small, 

with the minimum time-average �̅�𝑖 value of 25.5 m observed in terrace 1 and the maximum value 

of 26.1 m in terrace 7 (Table 2). Slightly smaller �̅�𝑖 values were observed in peripheral terraces 
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(13 and 910) as compared to central terraces (48), which was due to higher droplet generation 

frequencies 𝑓�̅� at central terraces.  

 

The time-average 𝐶𝑉𝑖 value over 7 h for the droplets generated from a single terrace varied from 

1.2% for terrace 10 to 2.1% for terrace 6. Therefore, droplets generated from any single terrace 

were more uniform in size than the total population of droplets collected from all terraces. The 

terrace-average 𝐶𝑉𝑖 value showed small random variations with time between 1.4% and 1.9%.  

Figure 5 

Drop generation frequencies for individual channels. The 𝑓𝑀𝐶  values for all MCs in Chip 1 

measured after 2, 4, and 6 h of operation are shown in the supplementary material (Tables S1-S3).  

The drop generation frequency from any single channel varied randomly between 0 and 10 Hz 

(Tables S1-S3). The average fluid velocity in a channel is given by: �̅�𝑀𝐶 = (𝜋𝑑𝑎𝑣
3 6⁄ )(𝑓𝑀𝐶 𝐴⁄ ), 

where 𝐴 is the cross-sectional area of the channel. From this equation, �̅�𝑀𝐶 ≤ 0.56 mm/s for 

𝑓𝑀𝐶 ≤ 10 Hz, 𝑑𝑎𝑣=25.8 m, and 𝐴 = 160 m2. This �̅�𝑀𝐶 value is lower than the critical velocity 

for the dripping-jetting transition (1.62.3 mm), found by Sugiura et al. [39] for SDS-stabilised 

triolein droplets. Therefore, droplets were formed in dripping regime in all MCs. The 𝑓𝑀𝐶  values 

at the channels located close to each other were similar (Table S1-S3), which shows that local 

hydrodynamic conditions in a chip change gradually along the channels. The same behavior was 

observed in membrane emulsification using microsieve membranes with almost identical droplet 

generation frequencies at some pores located close together [38]. Inactive channels tend to group 

together, indicating that droplet formation dynamics was strongly coupled. For example, in Table 

S1, 7 out of 11 inactive channels in terrace 3 were were located within neighbouring channels.  
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Percentage of active channels. The zero value of 𝑓𝑀𝐶  in Tables S1, S2, and S3 means that the 

corresponding channel was inactive, i.e. did not produce any droplet at the time of observation. 

Inactive pores were also found during formation of droplets at the surface of a silicon nitride 

microsieve [37] and SPG membrane [38]. All pores of an isoporous microsieve membrane should 

become active at the same pressure because they all have the same size. However, only 16% of 

the pores were active at the pressure which was 3 times higher than the capillary pressure [38]. It 

was explained by the local decrease in pressure occurring as soon as the dispersed phase starts to 

flow through some of the pores, preventing other pores to become active.  

 

After 2 h of operation, 89% of the channels were active with the terrace-to-terrace variations in the 

percentage of active channels ranging from 76% to 100% (Table 2). After 4 h, 91% of all channels 

were active with at least 81% of active channels on each terrace. After 6 h, the percentage of active 

channels reached 95% with at least 91% of active channels observed on each terrace. The number 

of active channels increased with time probably due to decrease in capillary pressure in the 

channels. According to the Young–Laplace equation, the capillary pressure in a rectangular 

microchannel is given by:  

𝑝𝑐 = 𝛾 (
cos 𝜃𝑏+cos 𝜃𝑡

𝐷𝑀𝐶
+

cos 𝜃𝑙+cos 𝜃𝑟

𝑊𝑀𝐶
)                       (7) 

where 𝛾 is the interfacial tension, 𝐷𝑀𝐶  and 𝑊𝑀𝐶 are the depth and width of a microchannel, and 

𝜃𝑏, 𝜃𝑡 , 𝜃𝑙 , and 𝜃𝑟 are the contact angles at the bottom, top, left, and right side of the channel, 

respectively. The contact angles on all four sides of the channel increased over time due to wetting 

of the channel walls with the dispersed phase and hence, 𝑝𝑐 decreased with time. It should be noted 

that the channel walls are composed of cover glass on the top side and grooved silicon plate on the 
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remaining sides. A decrease in 𝑝𝑐 made it easier for the dispersed phase to penetrate the channels 

and thus the number of active channels increased. 

 

Mean drop generation frequencies for individual terraces. The 𝑓�̅� values for all terraces as a 

function of time are shown in Figure 5. The 𝑓�̅� values varied between 2.0 and 3.3 Hz depending on 

the terrace position and time. Generally, the smallest 𝑓�̅� values were observed in peripheral terraces, 

probably due to the higher percentage of active channels in these terraces compared to central ones. 

Since the dispersed phase flow rate was constant with time, the smallest 𝑓�̅� values were observed 

after 6 h, due to the highest percentage of active channels.  

 

3.3 Consistency of Droplet Generation in Chip 2 

Figure 6 

Droplet size and CV. Figure 6 shows the average droplet diameter, �̅�𝑖  and the coefficient of 

variation, 𝐶𝑉𝑖 on each terrace of chip 2 as a function of time. The minimum �̅�𝑖 value of 13.2 m 

was observed in terrace 1 at 0.5 h, while the maximum �̅�𝑖 value of 16.3 m was observed in terrace 

6 at 1.5 h. The average droplet diameter (𝑑𝑎𝑣) across the whole device over 2.5 h was 14.2 m 

with negligible fluctuations with time between 14.0 m and 14.5 m (Table S4 in the 

supplementary material). The 𝑑𝑎𝑣 value in chip 2 was 1.8 times smaller than that in chip 1, due to 

2.1 times smaller equivalent diameter of the MCs in chip 2 (Table 1).  

 

The 𝐶𝑉𝑖 values were higher than in chip 1 and ranged from 2.3 % in terrace 2 at 0.5 h to 5 % in 

terrace 3 at 2.5 h. The average 𝐶𝑉𝑖 values across all terraces were higher than the 𝐶𝑉𝑖 values for 

individual terraces and varied with time between 3.8% and 5.9% (Table S4). The observed trend 
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that the droplet size uniformity deteriorates with decreasing the MC size was found in previous 

studies. Using straight-through MC plates, Kobayashi et al. [40] found an increase in 𝐶𝑉 from 2.7% 

to 5.5% when the droplet size decreased from 9.8 m to 4.4 m droplets. 

Figure 7 

Drop generation frequencies. The mean drop generation frequencies on individual terraces as a 

function of time are shown in Figure 7. The average drop generation frequency across the whole 

device was very stable and varied with time in a narrow range of 1.3-1.7 Hz (Table S4), but the 

droplet production rates at individual terraces fluctuated between 0.6 Hz and 2.8 Hz (Figure 7). 

The percentage of active channels in chip 2 was only 27-38 % (Table S4). The hydrodynamic 

resistance of the channels increases on decreasing the size of the channels. At constant flow rate, 

the higher resistance should lead to higher pressure drop along the channels in chip 2, which should 

help to activate more channels. However, the dispersed phase flow rate in chip 2 was 10 times 

smaller than the flow rate in chip 1. Within dripping regime, the smaller the dispersed phase flow 

rate, the smaller the number of active channels and the smaller the droplet production frequency 

[41]. Kobayashi et al. [40] found that less than 1% of the MCs were active in straight-through 

plates when droplets with an average diameter of 4.4 m were produced.  

 

3.4 Generation of Polymeric Particles 

 

Composite polymer particles were formed upon solvent evaporation from the generated droplets. 

Figure 7 shows the droplet and particle size distribution for the two chips used. The average droplet 

and particle diameters were 25.5 µm and 8.8 µm respectively for chip 1 and 14.1 µm and 4.9 µm 

respectively for chip 2. The average particle size for chip 2 was smaller than 5 m, which means 
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that the produced particles are smaller than the smallest blood vessels and can be used in 

intravenous drug delivery.  

Figure 8 

From Eq. (6), the predicted particle diameters based on complete solvent evaporation and zero 

particle porosity are 8.3 µm for chip 1 and 4.8 µm for chip 2, which are only slightly smaller values 

than the experimental values. The deviations between the predicted and produced particle 

diameters occurred due to formation of pores in the polymer matrix, as reported elsewhere [42]. 

Figure 9 

The CLSM images of the generated particles are shown in Figure 9. The particles have a 

homogeneous surface morphology, probably because the rate of solvent evaporation was faster 

that the rate of polymer diffusion in the dispersed phase. The fluorescent dyes added to the organic 

phase exhibit different affinities to different polymers, i.e. Rh6G preferentially adsorbs to PLA, 

while Nile Red shows higher affinity to PCL [43]. Therefore, a partial or complete polymer 

separation and the formation of patchy or Janus particles would be visible on CLSM images due 

to accumulation of Rh6G in PLA patches and entrapment of Nile Red in PCL. The generated 

composite particles have a tuneable size and narrow size distribution and can be used in 

pharmaceutical applications as biodegradable microcarriers. The PLA to PCL ratio can be adjusted 

to achieve optimum biodegradation rate and high compatibility with the entrapped drug.  

 

3.5 Mitigation Measures to Prolong Droplet Generation Time and Increase Droplet 

Throughput 
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Several measures can be taken to maximise the throughput per channel and the percentage of active 

channels in a chip. Before each experiment, the silicon chip and cover glass must be treated with 

oxygen plasma or UV light/ozone to improve hydrophilic properties of all surfaces in contact with 

the dispersed phase and minimise their wetting with the dispersed phase. Drop generation in step 

emulsification is driven by the difference in Laplace pressure of the dispersed phase on the terrace 

and in the well. For non-wetted terrace walls, the difference in Laplace pressure is given by: 𝑝1 −

𝑝2 = 2𝛾(1/𝐻𝑇 − 1/𝑟2). The Laplace pressure of the dispersed phase on the terrace depends on 

the radius of curvature of the oil-aqueous interface on the terrace. If the terrace walls are 

sufficiently hydrophilic, the contact angle at the oil-water-solid interface will be low (Figure S2b 

in the supplement) and the Laplace pressure on the terrace will be high enough to drive the 

dispersed phase into the well, which will lead to stable drop generation. The contact angle may 

increase after prolonged contact of the terrace walls with the organic phase (Figure S2c). If it 

happens, the Laplace pressure difference may become too low to drive the dispersed phase out of 

the terrace and large non-uniform droplets will be formed. If the terrace walls are wetted with the 

organic phase, the Laplace pressure difference will be reduced to: 𝑝1,𝑤𝑒𝑡 − 𝑝2 = 2𝛾(1/𝑥 − 1/𝑟2), 

where 𝑥/2 is the radius of curvature of the interface for wetted walls (𝑥 > 𝐻𝑇 and 𝑝1,𝑤𝑒𝑡 < 𝑝1).  

 

The contact angle at air-water-silicon interface for a clean UV/ozone-treated silicon surface was 

16.9°, as measured by a Krüss Model DSA 100 Advanced Drop Shape Analyzer. After 10 min of 

ultrasound treatment with DCM, the contact angle increased to 32.4° due to silicon exposure to 

the hydrophobic solvent. After evaporating the dispersed phase from the chip surface, the contact 

angle further increased to 59.4°, due to deposition of PLA and PCL onto silicon surface. The 

polymers can be deposited onto the channel walls during drop generation if the forming drop 
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resides on the terrace for a prolonged period of time during which the solvent can completely 

diffuse out of the droplet into the aqueous stream leaving behind a solid polymer. Therefore, all 

silicon and glass surfaces must be oxidised to minimize sticking of the forming drops to the walls.  

 

The percentage of active channels can be increased by loading the module with a 5 wt% PVA 

solution before delivery of the dispersed phase, but after starting drop generation, a 1.5 wt% PVA 

solution can be used as the continuous phase. The exact mechanism of channel activation with a 

high initial PVA content is still unknown, but probably micelles present in the PVA solution at 

high concentration can help to overcome the capillary pressure in the channel and transport the 

organic phase through the channel. 

 

4. Conclusions 

 

Microchannel (step) emulsification using cross flow microfluidic chips consisted of up to 1,850 

microchannels fabricated on 10 parallel terraces was applied to stably produce monodispersed 

O/W emulsions with a low viscosity ratio of the dispersed to continuous phase of =0.21. The 

droplet size was 2.7-3.1 greater than the hydraulic diameter of the channels and the coefficient of 

variation was less than 5% in both chips. The droplet generation frequencies and fluid velocities 

at individual channels varied considerably, but it had no significant impact on the droplet size, 

which confirms the robustness of step emulsification. The droplet production rates for the channels 

located close together were similar, indicating that the droplet formation dynamics was coupled. 

In chip 1, the average droplet size showed negligible variations over 7 h and the percentage of 

active channels increased with time. After 6 h of continuous production, 95% of all channels 
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produced droplets, the percentage of active channels on each terrace was 91% or more, and the 

coefficient of variation of droplet sizes at individual terraces was only 1.2-2.1 %.  

 

The results clearly indicate that microchannel (step) emulsification technology in combination 

with solvent evaporation is very suitable for long-term production of synthetic biodegradable 

polymer particles. The particle size can be precisely adjusted by the microchannels and terraces 

and the droplet throughput can be controlled by the total number of microchannels.   
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Figure 1: A schematic of CMS6 silicon plate (chip), showing the layout of the dead-end channels for the 

supply of dispersed phase (yellow), the cross-flow channels for continuous phase (turquoise), and the 

terraces with MCs. All dimensions shown in the figure are in mm.  

10.3

1
4

.1
6

3
.5

4

1
8

.7
0

2
5

.0

3
.1

56.65 9.54

28.0

0.5 1.01

Dispersed 

phase

Continuous

phase

TerraceMC

Slope

Droplets

A B C 

B 

B 

B 

B 



30 

 

 

 

 

 

 

Figure 2: The dimensions of microchannels and terraces in both chips used in this work. An anisotropic 

wet etch on a silicon wafer creates microchannels with a trapezoidal cross section. All dimensions are in 

mm.  
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Figure 3: (a) Droplet generation in Chip 2 after 2.5 h of operation; (b-d) Droplet generation in Chip 1 after 

7 h of operation. In (a)-(c), the continuous phase supply was temporarily shut down to allow self-assemble 

of generated droplets to into regular hexagonal arrays, illustrating their high size uniformity.  
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Figure 4: (a) The mean drop diameters and (b) the coefficients of variation of drop diameters at different 

terraces as a function of time in Chip 1.  
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Figure 5: The mean frequencies of droplet generation at different terraces as a function of time in Chip 1.  
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Figure 6: (a) The mean droplet diameters and (b) the coefficients of variation of droplet diameters at 

different terraces as a function of time for Chip 2.  
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Figure 7: The mean frequencies of droplet generation at different terraces as a function of time for Chip 2.  
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Figure 8: The particles size distributions of emulsions and polymeric particles produced using two 

microchannel chips.  
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Figure 9: The CLSM images of biodegradable polymer particles produced using two different 

microchannel chips.  
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